BACKGROUND-The Food and Drug Administration can set standards that reduce the nicotine content of cigarettes.
ranging from 15.8 mg per gram of tobacco (typical of commercial brands) to 0.4 mg per gram. The primary outcome was the number of cigarettes smoked per day during week 6.
RESULTS-A total of 840 participants underwent randomization, and 780 completed the 6-week study. During week 6, the average number of cigarettes smoked per day was lower for participants randomly assigned to cigarettes containing 2.4, 1.3, or 0.4 mg of nicotine per gram of tobacco (16.5, 16 .3, and 14.9 cigarettes, respectively) than for participants randomly assigned to their usual brand or to cigarettes containing 15.8 mg per gram (22.2 and 21.3 cigarettes, respectively; P<0.001). Participants assigned to cigarettes with 5.2 mg per gram smoked an average of 20.8 cigarettes per day, which did not differ significantly from the average number among those who smoked control cigarettes. Cigarettes with lower nicotine content, as compared with control cigarettes, reduced exposure to and dependence on nicotine, as well as craving during abstinence from smoking, without significantly increasing the expired carbon monoxide level or total puff volume, suggesting minimal compensation. Adverse events were generally mild and similar among groups.
CONCLUSIONS-In this 6-week study, reduced-nicotine cigarettes versus standard-nicotine cigarettes reduced nicotine exposure and dependence and the number of cigarettes smoked. (Funded by the National Institute on Drug Abuse and the Food and Drug Administration Center for Tobacco Products; ClinicalTrials.gov number, NCT01681875.) Twenty years ago, benowitz and Henningfield published a landmark commentary that coincided with initial attempts by the Food and Drug Administration (FDA) to regulate tobacco products. 1 They reasoned that if the nicotine content of cigarettes were limited to approximately 0.5 mg per cigarette (approximately 0.7 mg per gram of tobacco), cigarettes would be rendered nonaddictive. Although a reduction in nicotine content was endorsed by representatives of the medical community, 2 in 2000, the FDA lost its initial argument to regulate cigarettes in a hearing before the Supreme Court, and the proposal ultimately languished. 3 In the past 8 years, the prospect of reducing the addictiveness of cigarettes has received renewed attention from numerous health organizations, including the Institute of Medicine, 4 the World Health Organization (WHO), 5 and the Office of the U.S. Surgeon General. 6 This renewed attention paralleled changes in the regulatory oversight of tobacco products. The Tobacco Control Act, enacted in 2009, granted the FDA authority to reduce, but not completely eliminate, nicotine if such action is likely to benefit public health. 7 Likewise, the WHO Framework Convention on Tobacco Control enables the development of guidelines for the regulation of the contents and emissions of tobacco products, including those related to dependence liability. 8 The results of several relatively small studies suggest that cigarettes with very low nicotine content are associated with a desirable set of outcomes, including reduced smoking, reduced nicotine exposure, reduced nicotine dependence, increased abstinence, reduced exposure to toxicants, and few adverse events. [9] [10] [11] [12] [13] [14] Unlike "light" cigarettes, which reduce machinegenerated nicotine yields by increasing ventilation but not by reducing the nicotine content of the tobacco, reduced-nicotine cigarettes appear to result in minimal and transient compensatory smoking. [15] [16] [17] [18] However, to our knowledge, no large-scale clinical trials of reduced-nicotine cigarettes have been conducted. Furthermore, little is known about the dose-related effects of reduced nicotine. 9 Data derived from trials assessing a range of reduced-nicotine cigarettes are critical for providing an empirical basis for regulatory decisions pertaining to nicotine product standards. We evaluated the effects of smoking cigarettes that contained different levels of nicotine for 6 weeks in participants who were not interested in quitting smoking.
METHODS

STUDY DESIGN AND OVERSIGHT
We conducted a seven-group, double-blind, randomized trial at 10 sites between June 2013 and July 2014. After a 2-week baseline period, 840 smokers who were not planning to quit within the next 30 days were randomly assigned (in randomly permuted blocks of 7 and 14, stratified according to site) to smoke for 6 weeks one of seven types of cigarettes that varied in nicotine content (referred to herein as "study cigarettes"). Study cigarettes were the participant's usual brand, an investigational cigarette (i.e., a cigarette developed for research purposes only) with nicotine content similar to that found in most commercial products (primary control cigarettes), or one of five investigational cigarettes with 2 to 33% of the nicotine in the primary control cigarettes. All study cigarettes were provided free of charge. Of the two types of investigational cigarettes with 0.4 mg of nicotine per gram of tobacco, one type had a higher tar yield than the other. The findings in the group of 123 participants assigned to the high-tar cigarettes were identified a priori as exploratory and are reported separately.
The study was approved by the institutional review board at each study site and was reviewed by the FDA Center for Tobacco Products. It was monitored by an independent data and safety monitoring board. The trial was conducted and reported with fidelity to the study protocol, which is available with the full text of this article at NEJM.org.
PARTICIPANTS
Participants were recruited through flyers, direct mailings, television and radio announcements, and other advertisements. Eligibility criteria included an age of 18 years or older, at least five cigarettes smoked per day, and an expired carbon monoxide level of more than 8 ppm or a urinary cotinine level of more than 100 ng per milliliter. Exclusion criteria were the intention to quit smoking within the next 30 days; use of other tobacco products in addition to machine-manufactured cigarettes on more than 9 of the previous 30 days; a serious medical or psychiatric disorder or unstable condition; positive toxicologic screening for illicit drugs other than cannabis; pregnancy, a plan to become pregnant, or breastfeeding; and use of "roll your own" cigarettes exclusively. All participants provided written informed consent before enrollment. They were paid up to $835 for participating in the study.
STUDY ASSESSMENTS
The primary outcome, the average number of cigarettes smoked per day during week 6, was assessed with the use of an interactive voice-response system (InterVision Media), which telephoned participants and asked them to report the number of study and nonstudy cigarettes smoked the previous day; withdrawal symptoms were also assessed daily during the baseline period and the first week after randomization.
The following measures were administered during 1 or more of 10 in-person visits: the Fagerström Test for Nicotine Dependence (score range, 0 to 10, with higher values indicating greater dependence), 19 the 37-item Wisconsin Inventory of Smoking Dependence Motives (score range, 11 to 77, with higher values indicating greater dependence), 20 the 8item Minnesota Nicotine Withdrawal Scale (score range, 0 to 32, with higher values indicating more severe withdrawal), 21, 22 the Center for Epidemiological Studies-Depression Scale (score range, 0 to 60, with higher values indicating greater depression and a score of ≥16 used as a common criterion for depression) 23 , and the 10-item Questionnaire on Smoking Urges (score range, 10 to 70, with higher values indicating greater craving). 24 Biomarkers were assessed in urine samples from the first voiding in the morning (with a spot urine sample used if the participant forgot to obtain a sample of the first voiding). Samples were collected at randomization, week 2, and week 6. Participants smoked a single cigarette through a handheld device (Borgwaldt), which measures the number and volume of puffs, at baseline, week 2, and week 6. Participants were paid $90 for abstaining from the use of all nicotine and tobacco products for 1 day between week 6 and the abstinenceassessment visit (with abstinence defined as no smoking for ≥18 hours). The purpose of this assessment was to determine whether 6 weeks of use of reduced-nicotine cigarettes alters the effect of abstinence from smoking on withdrawal and craving. Abstinence assessments were conducted only if the expired carbon monoxide level was less than 50% of the value at week 6 or less than 6 ppm. Approximately 30 days after completion of the 6-week period, participants were contacted by telephone to assess smoking behavior.
CIGARETTES AND PRODUCT BLINDING
Investigational cigarettes were obtained from the National Institute on Drug Abuse. The study groups assigned to the investigational cigarettes were defined according to the nicotine content, averaged across menthol and nonmenthol products (which were assigned on the basis of the participant's preference): 15.8, 5.2, 2.4, 1.3, and 0.4 mg of nicotine per gram of tobacco. Products also differed in the content or yield of minor alkaloids and nitrosamines and in the application of casings, including sugars (which were higher in the cigarettes with 15.8 mg of nicotine per gram of tobacco than in the reduced-nicotine cigarettes in order to balance the ratio of nicotine to sugar). Additional product information is provided in Tables S1 and S2 of the Supplementary Appendix, available at NEJM.org.
Administrative staff who had no contact with the study participants labeled each cigarette carton with a blind code. Participants, investigators, and study staff had no knowledge of which product was given to a participant or whether various participants received the same or different products (except in the case of participants assigned to their usual brand).
At each weekly visit during the study period, participants were provided with a 14-day supply of cigarettes (the number of baseline cigarettes per day × 14). A 14-day supply, rather than a 7-day supply, was provided to account for missed visits and to allow for increases in smoking relative to baseline (e.g., compensatory smoking). Participants were 
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Author Manuscript instructed to refrain from the use of other cigarettes; however, there was no incentive to use the study product and no penalty for the use of nonstudy cigarettes.
LABORATORY ANALYSES
We used liquid chromatography with tandem mass spectrometry for the following analyses: urinary total nicotine equivalents (a measure of nicotine exposure 25 ); the salivary ratio of 3′hydroxycotinine to cotinine (a measure of CYP2A6 metabolic activity, reflecting the rate of nicotine metabolism 26 ); and urinary total 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (total NNAL, a biomarker of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone [NNK] exposure). [27] [28] [29] 
ADVERSE-EVENT REPORTING
Adverse events were recorded when participants reported any negative changes in their physical or mental health; medication changes; immediate medical care; hospitalization; emergency care; nonemergency care for illness, injury, or other medical condition; cold, influenza, or other respiratory illness; or possible depression. Licensed medical professionals reviewed all adverse events and provided follow-up actions.
STATISTICAL ANALYSIS
The primary analysis compared the average number of cigarettes smoked during week 6 in the group assigned to the primary control cigarettes (15.8 mg of nicotine per gram of tobacco) with the number smoked in the groups assigned to reduced-nicotine cigarettes (5.2, 2.4, 1.3, and 0.4 mg per gram), regardless of adherence. At each visit, the weekly average number of cigarettes per day was calculated, with all days since the previous visit included in the calculation. If a participant missed a visit, data from the 7 days after the previous visit were used.
Linear regression was used for the primary analysis, with adjustment for the baseline number of cigarettes smoked per day. A Bonferroni adjustment was made to account for the comparison of the four groups assigned to reduced-nicotine cigarettes with the group assigned to the control cigarettes in order to determine statistical significance (with the use of a two-tailed test at an alpha level of 0.0125), resulting in an overall type I error rate of 0.05. Analyses of secondary outcomes were performed with the same approach (a two-tailed test at an alpha level of 0.0125). Additional pairwise comparisons were performed for the reduced-nicotine cigarettes that differed significantly from the primary control cigarettes, with the alpha level determined according to the number of pairwise comparisons completed.
Secondary analyses included linear regression with adjustment for the baseline number of cigarettes, age, sex, race (white, black, or other), and nicotine metabolite ratio; repeatedmeasures analysis with the use of a linear mixed model; and analyses in which the participants assigned to their usual brand of cigarettes served as the reference group. Participants who did not complete the study were not included in the regression analyses but were included in the mixed models. The number of adverse events was compared across groups with the use of zero-inflated negative binomial regression. 
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RESULTS
STUDY PARTICIPANTS
Data were collected from 840 participants randomly assigned to a study group, 839 of whom were included in the analyses; 1 participant, who was determined to be ineligible after randomization, was excluded. Retention at week 6 exceeded 92% (780 participants) and did not differ significantly according to group (see Fig. S1 in the Supplementary Appendix) .
Baseline characteristics are shown in Table 1 , and in Table S3 in the Supplementary Appendix. The only significant omnibus group effect was for the expired carbon monoxide level; none of the reduced-nicotine groups differed significantly from the group assigned to 15.8 mg per gram for any of the other baseline variables. The 59 participants who did not complete all 6 weeks of the intervention tended to be slightly younger and less educated and were more likely to be male and white than those who completed the intervention, but variables related to smoking did not differ significantly between participants who did not complete the study and those who did (see Table S3 in the Supplementary Appendix).
CIGARETTE USE
Significant differences were observed among study groups for the total number of cigarettes (study and nonstudy) smoked per day at week 6 ( Fig. 1A) . Participants assigned to their usual brand and those assigned to control cigarettes (15.8 mg per gram of tobacco) smoked 22.2 and 21.3 cigarettes per day, respectively -significantly more than those assigned to cigarettes containing 2.4, 1.3, and 0.4 mg of nicotine per gram (16.5, 16 .3, and 14.9 cigarettes per day, respectively; P<0.001). The group assigned to cigarettes with 5.2 mg of nicotine per gram smoked 20.8 cigarettes per day, which did not differ significantly from the number of cigarettes smoked in the group assigned to cigarettes containing 15.8 mg of nicotine per gram. Similar results were observed when the analysis was restricted to the number of study cigarettes smoked per day (Fig. 1B) . Subgroup analyses revealed a significant interaction (P=0.002) with menthol for total cigarettes smoked per day only for cigarettes with 5.2 mg of nicotine per gram (as compared with cigarettes containing 15.8 mg per gram); the number of cigarettes smoked per day was reduced significantly among participants who smoked menthol cigarettes (P=0.001) but not among those who smoked nonmenthol cigarettes (P = 0.16) ( Fig. S2 in the Supplementary Appendix).
Participants assigned to cigarettes with 5.2 mg of nicotine or less per gram were more likely to report smoking at least one nonstudy cigarette during the study than those assigned to cigarettes with 15.8 mg of nicotine per gram (73 to 81% vs. 57%, P<0.005). Reducednicotine cigarettes were associated with a higher percentage of days on which nonstudy cigarettes were smoked (15% vs. 24 to 35%) but had little effect on the median number of nonstudy cigarettes smoked on those days (two vs. three or four).
Eighty-one percent of participants completed the telephone follow-up 30 days after the 6week randomized smoking phase. Participants assigned to cigarettes with 0.4 mg of nicotine per gram were more likely to report attempts to quit than were those assigned to cigarettes with 15.8 mg per gram (34.7% vs. 17%, P = 0.005) ( Fig. S3 in the Supplementary Appendix). Other groups assigned to reduced-nicotine cigarettes did not differ significantly 
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Author Manuscript from the group assigned to the primary control cigarettes with respect to reported attempts to quit, and no significant differences in attempts were observed in comparisons with the group of participants assigned to their usual brand ( Table S12 in the Supplementary Appendix). In comparisons with the group of participants assigned cigarettes with 15.8 mg of nicotine per gram, the number of cigarettes smoked per day at follow-up was significantly lower among participants assigned to cigarettes with 1.3 mg per gram (P = 0.007) or 0.4 mg per gram (P<0.001) ( Fig. S3 in the Supplementary Appendix).
ASSESSMENTS OF EXPOSURE
Smokers assigned to cigarettes with 5.2 mg of nicotine or less per gram had significantly lower urinary total nicotine equivalents than those assigned to cigarettes with 15.8 mg per gram (P≤0.01) ( Fig. 2A) ; cotinine levels are shown in Fig. S4 in the Supplementary Appendix. With a prespecified criterion of P<0.0125 for the primary analysis, the urinary total NNAL level was not significantly lower among participants who smoked cigarettes with 0.4 mg of nicotine per gram than among those who smoked control cigarettes (unadjusted model, P=0.02; adjusted model, P=0.009) ( Fig. 2B ). Groups did not differ significantly with respect to the expired carbon monoxide level ( Fig. S5 in the Supplementary Appendix), the interval since the most recent cigarette smoked, or the number of cigarettes smoked before the carbon monoxide assessment.
The total puff volume at week 6 was significantly lower in the group that smoked cigarettes with 0.4 mg of nicotine per gram than in the group that smoked cigarettes with 15.8 mg per gram (Fig. S6 in the Supplementary Appendix) . The increase in the expired carbon monoxide level after smoking was not significantly related to the group assignment ( Fig. S6 in the Supplementary Appendix).
SUBJECTIVE EFFECTS
When asked to estimate the nicotine level in the assigned study cigarettes, participants smoking cigarettes with 2.4 mg of nicotine or less per gram provided an estimate that was significantly lower than the estimate provided by participants smoking cigarettes with 15.8 mg per gram (P<0.005) ( Fig. S7 in the Supplementary Appendix).
When participants estimated the number of cigarettes that they would smoke if the cigarettes cost $6 per pack, participants assigned to cigarettes with 2.4 mg of nicotine or less per gram predicted that they would smoke fewer than 11 cigarettes per day on average, whereas those assigned to cigarettes with 15.8 mg per gram predicted that they would smoke 17 cigarettes per day (P<0.001) ( Fig. S8 in the Supplementary Appendix) .
Dependence, as assessed on the basis of the total score on the Wisconsin Inventory of Smoking Dependence Motives, was significantly lower at week 6 among participants smoking cigarettes with 0.4 mg of nicotine per gram than among those smoking cigarettes with 15.8 mg of nicotine per gram (P = 0.001) (Fig. 3A) . The score on the Fagerström Test for Nicotine Dependence at week 6 was lower among smokers assigned to cigarettes with 2.4 mg of nicotine or less per gram than among those assigned to cigarettes with 15.8 mg per gram (P≤0.001) (Fig. S9 ). An analysis that excluded the item assessing the number of cigarettes smoked per day had a similar pattern of results (Fig. 3B ). 
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As compared with cigarettes containing 15.8 mg of nicotine per gram, cigarettes with 5.2 mg or less per gram did not significantly increase peak daily withdrawal during week 1 or withdrawal during week 6 ( Fig. 4A, and Fig. S10 in the Supplementary Appendix). Less craving was observed at week 6 with cigarettes containing 2.4 or 0.4 mg of nicotine per gram than with the control cigarettes (P≤0.01) ( Fig. S11 in the Supplementary Appendix) .
The groups did not differ significantly in the likelihood of completing the abstinence assessment; overall, 76% of participants who were randomly assigned to a study group completed the assessment. Withdrawal during the abstinence session, as assessed on the basis of the score on the Minnesota Nicotine Withdrawal Scale, did not differ significantly between the participants who smoked cigarettes with 15.8 mg of nicotine per gram and those who smoked cigarettes with reduced levels of nicotine (Fig. 4A ). Scores for craving during abstinence were significantly reduced among participants who smoked cigarettes with 2.4 mg of nicotine or less per gram (P≤0.001) ( Fig. 4B, and Fig. S12 in the Supplementary Appendix).
ADVERSE EVENTS, SELF-REPORTED HEALTH STATUS, AND SAFETY
None of the serious adverse events were judged to be related or possibly related to the study assignment. Participants' ratings of overall health, respiratory health, and depression did not vary significantly according to the nicotine content of the cigarettes they smoked. Expired carbon monoxide levels exceeded 70 ppm in four participants (two assigned to cigarettes with 5.2 mg of nicotine per gram, and one each assigned to cigarettes with 2.4 mg per gram and cigarettes with 1.3 mg per gram). One participant assigned to cigarettes with 1.3 mg of nicotine per gram was withdrawn at week 2 because of an expired carbon monoxide level that exceeded 100 ppm (116 ppm; baseline level, 37 ppm); this participant also reported recent cannabis use, which may have contributed to the high carbon monoxide level. Additional information on adverse events is provided in Tables S46 through S49 in the Supplementary Appendix.
EFFECT OF TAR YIELD
In comparisons with cigarettes containing 15.8 mg of nicotine per gram, the high-tar and standard-tar versions of the cigarettes with 0.4 mg per gram had similar effects with respect to the number of cigarettes smoked per day ( Fig. 1 ), nicotine and NNK exposure (Fig. 2) , retention, adherence, the score on the Fagerström Test for Nicotine Dependence (Fig. 3) , and attempts to quit. The most notable difference was for the score on the Wisconsin Inventory of Smoking Dependence Motives (significantly reduced with the standard-tar version but not the high-tar version [Fig. 3A] ).
DISCUSSION
Tobacco use is sustained by nicotine. 6 Product standards that reduce the nicotine content of combusted tobacco could improve public health by preventing the initiation of daily smoking among nonsmokers and reducing the rate or prevalence of smoking, or both, among current smokers. 30 In this 6-week study, participants assigned to cigarettes with 2.4 mg of nicotine or less per gram smoked 23 to 30% fewer cigarettes per day at week 6 than did participants assigned to cigarettes with 15.8 mg per gram. Reduced-nicotine cigarettes led to a reduction in nicotine exposure. NNAL levels did not differ significantly according to the nicotine content of the study cigarettes. The cigarettes with the lowest nicotine content (0.4 mg per gram) reduced dependence according to both measures used in this study. Neither the self-reported number of cigarettes smoked per day nor the expired carbon monoxide level indicated that smokers compensated for the reduction in nicotine by increasing smoking behavior. Use of reduced-nicotine cigarettes resulted in minimal evidence of withdrawal-related discomfort or safety concerns. In summary, these data suggest that if nicotine content is adequately reduced, smokers may benefit by smoking fewer cigarettes and experiencing less nicotine dependence, with few negative consequences. If confirmed in longer-term studies, these findings suggest that, when combined with other tobacco-control policies (e.g., taxation and expanded access to treatment), limiting the nicotine content of cigarettes in order to reduce cigarette use and nicotine dependence and facilitate efforts to quit smoking could improve public health.
Several factors should be considered in interpreting these data. First, use of nonstudy cigarettes was common, which probably attenuated the reduction in nicotine exposure relative to nicotine content and may have minimized the effects of nicotine reduction. 31 Second, providing free cigarettes probably inflated the number of cigarettes smoked per day, since cigarette consumption decreases with increases in price. 32 Third, the duration of use was limited to 6 weeks, which probably minimized decreases in the rate of smoking and nicotine dependence. A longer trial is currently under way (ClinicalTrials.gov number, NCT02139930). Fourth, the weekly expired carbon monoxide level was not reduced in parallel with the number of cigarettes smoked per day, suggesting possible compensation. However, the total puff volume from cigarettes smoked in the laboratory was reduced in the group assigned to cigarettes with 0.4 mg of nicotine per gram, and the consequent increase in the expired carbon monoxide level was not significantly related to the group assignment. The absence of between-group differences in weekly levels of expired carbon monoxide may be a consequence of its short half-life (2 to 6 hours) and the absence of differences in the interval since the last cigarette was smoked. Fifth, participants assigned to reducednicotine cigarettes estimated lower nicotine levels than participants assigned to control cigarettes, a finding that is consistent with the sensory effects of nicotine. 33 Finally, the sample, although diverse with respect to race and educational level, was not nationally representative and excluded nondaily smokers and smokers with clinically significant or unstable psychiatric and medical conditions. 34 Both the Tobacco Control Act and the Framework Convention on Tobacco Control enable regulators to directly address the addictiveness of tobacco products through product standards. This study provides preliminary short-term data suggesting that as compared with the nicotine content of conventional cigarettes, a substantial reduction in nicotine content is associated with reductions in smoking, nicotine exposure, and nicotine dependence, with minimal evidence of nicotine withdrawal, compensatory smoking, or serious adverse events.
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